Abstract. This study aimed to evaluate and compare lipoxygenase (LOX), cyclooxygenase (COX), xanthine oxidase (XO) inhibitory effects and cytotoxic activities of selected flavonoids in vitro. The antioxidant and cytotoxic activities had been investigated using ultraviolet spectrophotometry, MTT assay, RT-PCR, and flow cytometry. The results showed that luteolin, luteoloside and quercetin exhibited better inhibition on XOD and LOX enzymes. In addition, all the selected flavonoid glycosides showed no significant cytotoxicity, but diosmetin, luteolin, apigenin and quercetin expressed significant cell toxicity. Meanwhile, these four flavonoids also showed better inhibition on COX-2 mRNA expression and apoptosis-inducing effect. In conclusion, this study suggests that these anti-tumor flavonoids possess anti-inflammatory and anti-oxidative properties, which are associated with their direct inhibition of XO and LOX activities and down-regulation of COX-2 transcription.
Introduction
Flavonoids, one of the largest families of natural products, enjoy almost ubiquitous distribution in the plant kingdom, such as fruits, vegetables, cereals, nuts, flowers, seeds, herbs, stems [1] . They consist of a series of polyphenolic compounds having a benzo-γ-pyrone structure, and more than 5000 derivatives have been reported. Flavonoids have attracted much attention due to their remarkable pharmacological activities in vitro and in vivo including antioxidant, anticancer, anti-inflammatory, and antiallergic activities [2] [3] [4] . They also inhibit various enzymes such as yeast α-glucosidase [5] , alkaline phosphatase [6] , glyoxalase I [7] , COX, LOX and XO [8, 9] . XO, LOX and COX are three important oxidative enzymes, which are involved in physiological and pathological conditions. Inhibitions of these enzymes are beneficial for the removal of free radicals, reducing inflammation, controlling development and progression of cancer, and promoting tissue repairs.
The anti-inflammatory activity of flavonoids may be mediated by the inhibition of COX/LOX and pathway of arachidonic metabolism, as well as by their antioxidative properties. XO could catalyse the oxidation of hypoxanthine and xanthine to produce uric acid, which plays a crucial role in gout or other XO induced diseases, such as inflammation, atherosclerosis, cancer and aging [10] . Also, flavonoids have been reported to involve in development and progression of cancer by blocking the cell cycle, inducing apoptosis, disrupting mitotic spindle formation, modulating different enzymes and receptors, or inhibiting angiogenesis [11] . These highlight the potential of flavonoids for development as antiproliferative agents. Recently, in vitro screening of antioxidant and antitumor activities has attracted a great deal of attention, especially screening of enzyme inhibitors like XO, COX and LOX. Many trials were undertaken to find biologically active flavonoids for their versatile health benefits. Hence, the objective of the present study is to determine and compare of LOX, COX and XO inhibitory activities, and cytotoxic activities of various selected flavonoids, including glycosides and aglycones.
Experimental

XO Activity Assay
The enzyme activity was measured spectrophotometrically by continuously measuring uric acid formation at 290 nm as described by Cos et al [12] . All flavonoids were purchased from National Institute for the Control of Pharmaceutical and Biological Products (China), and the stock solution dissolved in DMSO was 50 mM. The assay was started by addition of the XO to the reaction mixture without or with inhibitors of flavonoids. Then the absorbance of uric acid was repeatedly recorded at 20 s intervals for 5 min. Finally, the evaluation of sample activities was from the inhibition rate and half maximal inhibitory concentration (IC 50 ) values, obtained by the dose-response plots of three independent repetitive trials.
LOX Activity Assay
The LOX activity was measured spectrophotometrically at 234 nm as described by Chen and Whitaker [13] . The assay was reacted by the addition of 200 U of LOX and the increasing absorbance at 234 nm. Then the inhibition constants such as reaction rate, inhibition rate and IC 50 were calculated from the dose-response plots.
Cell Cultures
Human liver cancer line (HepG2), human breast cancer line (MCF7), prostate carcinoma cell (PC3), gastric cancer cells (MGC803) and African green monkey kidney normal cell line (VERO) were purchased from China Center for Type Culture Collection of Wuhan University (Wuhan, China). In our study, the cells were cultured in DMEM supplemented with 10% FBS, 20 µg/ml penicillin and 100 µg/ml streptomycin. All cells were maintained in a humidified atmosphere containing 95% air and 5% CO 2 at 37˚C.
MTT Assay
The cytotoxicity of flavonoids was performed by MTT assay [14] . After cells were cultured in 96-well plates for 24 h, the medium was replaced with fresh medium in each well including positive control 5-fluorouracil (5-FU, 3.125-100 µM) and various flavonoid samples (12.5-100 µg/ml). After incubation for 72 h, 0.5 mg/mL MTT was added to each well. Then, the absorbance was ultimately determined using the 96-well microplate reader (TECAN) at 490 nm.
Morphological Observation
HepG2, MCF7, MGC803 and VERO cell lines were respectively seeded into 24-well plates at a density of 10 4 cells per well and then exposed to different concentrations of samples for 48 h. The morphological changes of these treated cells were observed and photographed using inverted light microscopy (Olympus).
RT-PCR Analysis
The total RNA was extracted using trizol, their quantity and purity were assessed by a ultramicro spectrophotometer (Thermo) based on the absorbance measurement at 260 and 280 nm. After quantification, 2 µg RNA was used for the synthesis of cDNA in each reverse transcription reaction via FastQuant RT Kit (Tiangen Biotech, China). PCR (Roche) was conducted to amplify the target genes with reagents and protocols from SYBR Green Super Real Pre Mix Plus (Tiangen). The primer sequences are provided as follows: COX-2 (forward 5'-TATGAGTGTGGGATT TGACCAG-3', reverse 5'-TCAGCATTGTAAGTTGGTGGAC-3'); and β-actin (forward 5'-TGACG TGGACATCCGCAAAG-3', reverse 5'-CTGGAAGGTGGACAGCGAGG-3'). PCR amplification was initiated by 15 min of denaturation at 95˚C, and then followed by 40 cycles of 95˚C for 10 s, 60˚C (annealing temperature) for 20 s and 72˚C for 30 s, and a final incubation at 72˚C for 5 min. The relative expression of each gene was normalized to the amount of β-actin in the same dosage of cDNA, and the relative quantification method was 2 −∆∆CT method [15] .
Annexin V-FITC/PI Double Staining Assay
Exponentially growing cells were placed down in 6-well plate and cultured as above. Then the cells were treated with flavonoid samples at different concentrations for 24 h. This assay was performed exactly as the manufacturers' instruction of the Annexin V-FITC/PI cell apoptosis detection kit (BestBio, China). The FACSCalibur flow cytometer (Becton-Dickinson) was used to detected fluorescence.
Statistical Analysis
Statistical analysis was carried out using SPSS 18.0 software. Data were expressed as means ± standard deviations (SD) of three replicates. The results for the XO and LOX inhibitory activities of various flavonoids were shown in Table 1 . While the selected flavonoids were at the concentration of 0.1 mM, apigenin, luteolin, luteoloside, hesperidin, hyperoside and quercetin showed relatively better inhibitory effects on XO, and amentoflavone, luteolin, luteoloside, quercetin and rutin had better inhibitory effects on LOX with the inhibition rates above 50%. The IC50 values which quantitatively expressed the potency of these flavonoids in inhibiting XO and LOX activity were shown in Table 2 and Table 3 , the most effective XO inhibitory flavonoids were, in order of efficacy, luteolin > quercetin > luteoloside > apigenin > hesperidin > hyperoside; and the most effective LOX inhibitory flavonoids were, luteolin and rutin > quercetin > amentoflavone > luteoloside. As shown in Figure 1 , these effective flavonoids showed good linear relationship. It was noted that catechin, epicatechin, puerarin and all the selected flavonoid glycosides at concentration up to 50 µM caused no more than 50% growth inhibition of MCF7, PC3, MGC803 and VERO cells. It were quite similar with previous report: compared to quercetin and luteolin, their glycosides rutin and luteoloside, respectively showed no significant growth inhibitory effects on cancer cells at concentration up to 50 µM [16, 17] showing that the sugar moiety strongly affects the bioactivity of flavonoids. Meanwhile, apigenin, diosmetin, quercetin and luteolin in our study showed relatively good toxic effect in a dose-dependent manner, and the IC50 values were presented in Table 4 . Diosmetin and luteolin has cytotoxic activity on normal cells, but apigenin and quercetin had lower cytotoxicity on normal cells (> 100 µM) than against the tumor cells. This indicated that diosmetin and luteolin exhibited growth inhibitory properties against tumor cells and VERO cells, but apigenin and quercetin expressed selective toxicity against tumor and normal cells. Indeed, similar selective growth inhibitory effects of apigenin and quercetin were also observed in previous research [18, 19] . As shown in Figure 2 , the cytotoxic phenomenon treated of apigenin showed the cell surface shrinkage, smaller volume, loss of integrity, and the suspending of dead cells. It was also observed that the apigenin showed good toxicity on tumor cells and similar results were observed on MCF 7 and MGC 803 cells. However, more normal and tumor cells were needed for further research.
Results and Discussion
Besides, important factors affecting cytotoxic activities, XO and LOX inhibitory activities of flavonoids might include the saturation of the C2-C3 and the position, number and substitution of hydroxyl groups in the A and B rings, especially the hydroxyl groups at C-5 and C-7. However, even the minor modifications in the molecules can be responsible for strong variations in their activity, and flavonoids with very similar structures could not produce identical biological responses [20] . In the present work, hesperidin without double bond between C-2 and C-3 also showed XO inhibitory activity. Thus this fact has stimulated large interest in developing of potential flavonoid-based chemotherapeutics for anti-cancer treatment. According to the cytotoxicity of flavonoids, we only detected the effects of apigenin, quercetin, diosmetin and luteolin on COX-2 mRNA expression in HepG2 cells. As shown in Figure 3 , apigenin, quercetin, diosmetin and luteolin could inhibit COX-2 mRNA expression in a dose-dependent manner. The inhibitory rates of apigenin, diosmetin, quercetin and luteolin were respectively up to 53.10%, 86.40%, 77.22%, 98.31% at the highest concentration (25 µM) for 12 h. In addition, the results indicated that these four flavonoids showed more or less apoptosis-inducing activity, especially apigenin. As shown in Figure 4 , the results regarding the apoptosis-inducing of apigenin on cancer cells had been showed that the apoptosis population (%) of MGC803 cells increased from 2.06% to 24.71% when the concentration increased from 0 to 50 µM. The apoptosis population (%) of the normal cells had continuously decreased from 97.82% to 72.3% when the concentration of apigenin was 50 µM. Besides, the percent of apoptotic cells at early apoptosis and late apoptosis gradually rose to 15.96% and 8.75%, respectively. The result reflected that the apigenin had apoptosis-inducing effects at the range of concentrations. 
Summary
Luteolin, luteoloside and quercetin exhibited better inhibition on XO and LOX enzymes, and the inhibitory effects of apigenin and amentoflavone were also detected on XO and LOX respectively. In addition, diosmetin, luteolin, apigenin and quercetin expressed significant cell toxicity, especially apigenin and quercetin expressed selective toxicity against tumor and normal cells. Meanwhile, these four flavonoids also showed better inhibition on COX-2 mRNA expression and apoptosis-inducing effect at the range of concentrations. In conclusion, this study suggests that these anti-tumor flavonoids possess anti-inflammatory and anti-oxidative properties, which might be associated with their direct inhibition of XO and LOX activities and down-regulation of COX-2 transcription.
